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Abstract: The topological Hall effect (THE) due to the spatially varying magnetizations 

appears as humps and dips near the coercive field in the Hall resistance curves. It is 

possible evidence of magnetic skyrmions that might be applied to next-generation data 

storage devices. Previous calculation predicted that the combination of Cr2Te3 thin film 

with strong perpendicular anisotropy (PMA) and Bi with strong spin-orbital coupling 

(SOC) could induce Dzyaloshinskii-Moriya Interaction (DMI) and magnetic skyrmions. 

THE has been observed in Cr2Te3 thin films with Bi bilayer nanosheets intercalated. 

However, the distribution of inserted Bi nanosheets was random, so locating and 
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studying the interface between Bi and Cr2Te3 layers is difficult. The growth scheme of 

Bi on Cr2Te3 surface is still blank. In this work, Bi/Cr2Te3 heterostructure thin films 

were fabricated by molecular beam epitaxy (MBE). Bi (1 1 0) surface was grown on 

the Cr2Te3 (0 0 0 1) layer in islands from cross-sectional and plane-view scanning 

transmission electron microscopy (STEM) observation. THE signals were observed in 

the Bi/Cr2Te3 heterostructure thin films below 130 K. The two-component anomalous 

Hall effect (AHE) that might induce similar hump and dip signals near the coercive 

field was excluded by the minor-loop method.  

 

1. Introduction 
Topological Hall effect (THE) was proposed by Bruno et al. to describe the Hall 

effect that only depends on the topology of magnetization texture in the sample without 

an external magnetic field in 20041. Nontrivial spin textures are necessary for the 

generation of THE. An electron will adiabatically follow the local magnetization 

direction during its motion in a two-dimensional material with a spatially varying 

magnetization. It will pick up the Berry phase2 after this process and attain a transverse 

velocity which induces additional Hall current, which will yield a hump or a dip near 

the coercive field in the Hall resistance curves1. The spatially varying magnetizations 

include topological states such as magnetic skyrmions, spin chirality on Kagome, and 

chiral (right- and left-handed) domain walls3. Thus, it can be observed in abundant 

materials subjected to topological phases and topological spin texture, especially 

magnetic skyrmions. For example, THE was already produced in antiferromagnetic 

Dirac semimetal EuAgAs4, MnP with spin chirality5, WTe2/Fe3GeTe2 heterostructure 

with Neel-type skyrmion6, Ferromagnet Fe3GeTe2 with Bloch-type skyrmion7 and so 

on. Skyrmions were introduced in field theory by physicist Tony Skyrme to describe a 

localized, particle-like configuration8, and their formation in a magnetic system was 

predicted theoretically several decades later9. The magnetic skyrmions are 

topologically protected vortex-like nanometric spin textures10. They have recently 

received growing attention for their potential applications as information carriers in 
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magnetic information storage and processing devices. THE was observed in some 

intrinsic Cr-Te compound thin films such as Cr3Te4 due to biskyrmions11, Cr5Te6 due 

to noncoplanar spin textures12, Cr0.87Te due to magnetic skyrmionic bubbles13. In 

addition, the interface between some Cr-Te compound thin film without THE and other 

materials with spin-orbit coupling (SOC) (e.g., CrTe/SrTiO3
14 and CrTe2/Bi2Te3

15) 

might generate Dzyaloshinskii-Moriya Interaction (DMI), and THE would be induced 

in the heterostructure system. Besides, in previous research16, 17, THE was observed in 

the Bi intercalated Cr2Te3 thin film system, which is possible evidence of magnetic 

skyrmions. However, the Bi nanosheets were inserted into a Cr2Te3 thin film, so the 

interface between Bi and Cr2Te3 was not large or uniform. The pure interface of Bi 

layers and Cr2Te3, suitable for mechanism research and future device fabrication, has 

not been studied yet. The growth scheme of Bi on Cr2Te3 layers and the properties of 

Bi/Cr2Te3 heterostructure thin films are still blank. 

In this work, Bi/Cr2Te3 heterostructure thin films have been grown using molecular 

beam epitaxy (MBE). The structure of Bi layers grown on hexagonal Cr2Te3 (0 0 0 1) 

surface was revealed to be rectangular Bi (1 1 0) plane by cross-sectional and plane-

view transmission electron microscopy (TEM). The signals of THE in the 

magnetoelectronic transport data, humps and dips near the coercive field, were 

observed in the Bi/Cr2Te3 heterostructure system. The minor-loop method was applied 

to exclude the possibility of two-component anomalous Hall effect (AHE) that might 

generate similar hump and dip signals. Moreover, the signals of THE did not vanish 

until 130 K. The temperature above liquid nitrogen provide feasibility to the following 

observation of magnetic skyrmions by Lorentz transmission electron microscopy 

(LTEM). 

 

2. Experimental methods  

The Bi/Cr2Te3 heterostructure thin film was deposited on intrinsic GaAs (1 1 1) 

substrates by MBE. Before growth, a piece of undoped GaAs (1 1 1) substrate was 

heated to 580℃ for deoxidation. After deoxidation, the temperature of the substrate 
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was decreased to 240 ℃, and the ZnSe source was increased to 760 ℃. The ZnSe buffer 

layer was deposited on the substrate for 30 minutes. Later, Cr (99.999%) and Te 

(99.999%) sources were deposited simultaneously on the ZnSe buffer layer. The Cr 

source was set to 1160 ℃, and the Te source was set to 350 ℃ to keep the flux ratio of 

1:10. The flux of Te is much larger than Cr because Te is easily volatilized under 

vacuum atmosphere18. After 1 hour of Cr2Te3 growth, the sample temperature was set 

to room temperature for Bi growth. Then, the Bi (99.995%) source was increased to 

500 ℃ and deposited on the Cr2Te3 surface. At last, ZnSe with a source temperature of 

760 ℃ was capped on the thin film surface at the same temperature to prevent the thin 

film sample from oxidation. Samples with different Bi growth times were prepared.  

This work utilized the FEI Helios 600i focus ion beam (FIB) to prepare cross-

sectional and plane-view TEM samples. The preparation method of the plane-view 

TEM sample in FIB was sketched in supporting information (Figure S1). Titan Themis 

G2 TEM with Double 𝐶𝐶𝑠𝑠 correctors and Talos F200X G2 TEM were used in this work 

to observe the atomic level images of the interface and characterize crystal structures 

of thin film samples. 

Six-terminal Hall-bar electrodes were prepared using photolithography on the thin 

film sample. A physical property measurement system (PPMS) measured the 

magnetoresistance and Hall resistance. PPMS used in this work is from Quantum 

Design company and can provide a magnetic field of 14 T and a low-temperature 

environment from 1.9 K to 310 K. 

 

3. Results and Discussion  

3.1. Structure characterization 

The Bi/Cr2Te3 heterostructure thin films were grown on GaAs substrate with the 

ZnSe layer buffered by the MBE method (details in the experimental methods section). 

The growth scheme was plotted in Figure 1a and the top ZnSe layer was capped to 

protect the thin film from oxidation. The Bi/Cr2Te3 heterostructure thin films with 

different thickness of the Bi layers were prepared (details in supporting information 
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Table S1) by changing the growth time. The reflective high energy electron diffraction 

(RHEED) patterns of one typical sample (the growth time of Bi is 2 hours) were shown 

in Figure 1b. The long streaky lines of Cr2Te3 represent high-quality and single-crystal 

Cr2Te3 thin film. The spotty lines of the Bi layer indicated the island growth of Bi. Two 

sets of line systems were observed in the RHEED pattern of Bi, suggesting rotation 

domains exist in the Bi layer. XRD was performed on the sample to characterize the 

crystalline structure, and the spectrum (Figure S2) shows that the Cr2Te3 layer was 

grown on the GaAs (1 1 1) substrate in the direction of [0 0 0 1]. The signal of the Bi 

peak was more and more obvious as the thickness of Bi increases.  

The cross-sectional structure of the Bi/Cr2Te3 heterostructure samples were observed 

by scanning transmission electron microscopy (STEM), and the results are shown in 

Figures 1c-1f. The overview of ZnSe/Bi/Cr2Te3/ZnSe heterostructure was shown in 

Figure 1c. Bi was grown for 2 hours in this sample and its Energy Dispersive X-Ray 

(EDX) mapping is displayed in Figure S4a. The EDX also claimed that the atomic ratio 

of Cr:Te is close to 2:3 (Figure S4b). The Bi islands were separated on the Cr2Te3 layer, 

which was consistent with spotty RHEED pattern of Bi. Zooming in the interface 

between Bi and Cr2Te3 layers, the demonstrated side-view crystalline structure of Bi (1 

1 0) surface and Cr2Te3 (0 0 0 1) surface (details in Figure S3) was coincident with the 

atomic structure in STEM image as Figure 1d indicates. When the growth time of Bi 

layer increases, some defects appeared in the Bi/Cr2Te3 interface as Figure 1e shows. 

The EDX mapping of this sample with 8-hour Bi (Figure S4c) exhibits that the 

thickness of Bi layer is about 70 nm. The atomic structure of Bi layer in Figure 1f is 

similar to Figure 1d, which means that the thickness of Bi layer on Cr2Te3 surface did 

not affect the phase of Bi. The arrangement of Bi atoms fits well with the side view 

(view from [1� 1 1] direction) of Bi (1 1 0) plane. The layer distance measured from 

Figure 1f is about 0.339 nm, close to the single-layer terrace height of the Bi (1 1 0) 

surface measured in STM19.  
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Figure 1. a) Growth scheme of ZnSe/Bi/Cr2Te3/ZnSe/GaAs heterostructure thin film. 

b) Typical RHEED patterns of Cr2Te3 layer and Bi layer, the growth time of Bi layer is 

2 hours in the sample. c) Cross-sectional STEM image of an overview of 

ZnSe/Bi/Cr2Te3/ZnSe heterostructure thin film, the growth time of Bi layer is 2 hours 

in the sample. d) Atomic-level Bi/Cr2Te3 interface zooming in Figure 1c, the Cr2Te3 is 

viewed from the [0 1 1� 0]  direction and the Bi was viewed from the [1�  1 1] 

direction. e) Cross-sectional STEM image of the Bi/Cr2Te3 interface, the growth time 

of Bi layer is 8 hours in the sample. f) Atomic-level Bi layer zooming in red square area 

in Figure 1e, the arrangement of Bi atoms fits well with the side view (view from 

[1� 1 1] direction) of Bi (1 1 0) plane.  

 

To better investigate the distribution of Bi islands and atomic structure of Bi layers, 

plane-view observation would be helpful. An easy method of preparing plane-view 

thin-film TEM samples by focus ion beam (FIB) was developed in this work (details in 

experimental methods section). The plane-view STEM images of the Bi/Cr2Te3 

heterostructure thin film samples were shown in Figure 2 and the corresponding EDX 

mapping were shown in Figure S5. The large-scale images (Figure 2a-2c) revealed 

that the increased growth time (2 hours-8 hours) of Bi layer enlarged the size and 
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density of the Bi islands. As the growth time of Bi increased, the isolated islands grew 

gradually, connected with other islands nearby, and the vacancies between islands 

became narrower and narrower until some small islands converged into large islands. 

The average domain size linearly depends on the average thickness of Bi (Figure S6). 

However, the density of Bi islands might not increase monotonically as the coverage 

of Bi islands increases due to the coalescence of Bi islands at the beginning20.  

In the Bi/Cr2Te3 sample with 2-hour Bi, as Figure 2a shows, the average size of one 

Bi island is about 20×60 nm, and the distance between the two nearest islands is about 

20 nm. The rectangle-shaped Bi islands are distributed on the surface randomly without 

preference for elongated direction. The plane-view STEM of Bi islands with different 

orientations coincides with the double lines in the Bi RHEED pattern. The quasi-square 

lattice is presented clearly from the atomic-level plane-view STEM images shown in 

Figure 2d and 2e. In addition, the estimated length and width of a unit cell are 0.477 

nm (+ 0.42 %) × 0.473 nm (+ 4.19 %), which is approximately equal to the unit cell 

values in the Bi (1 1 0) plane21. The calculated Bi crystal structure in the (1 1 0) facet 

fits well on the atomic-level STEM image as Figure 2e shows. When the growth time 

of Bi layer increased to 8 hours, the structure of Bi still kept quasi-square lattice as 

Figure 2f and 2g shows. However, the lattice constants changed into 0.479 nm (+ 0.84 

%) × 0.461 nm (+ 1.54 %). The lattice constants of thicker Bi were closer to the intrinsic 

Bi (1 1 0) surface21.  
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Figure 2. a) Large-scale plane-view texture of Bi islands grown for 2 hours. b) Large-

scale plane-view texture of Bi layer grown for 5 hours. c) Large-scale plane-view 

texture of Bi layer grown for 8 hours. d) Plane-view image of one Bi island in Figure 

2a. e) Atomic-level Bi structure zooming in red square area in Figure 2d, the estimated 

length and width of a unit cell (blue dash rectangle) are 0.477 nm (+ 0.42 %) × 0.473 

nm (+ 4.19 %). f) Zoom-in plane-view image of the Bi layer in Figure 2c. g) Atomic-

level Bi structure zooming in red square area in Figure 2f, the estimated length and 

width of a unit cell (blue dash rectangle) are 0.479 nm (+ 0.84 %) × 0.461 nm (+ 1.54 %). 

The arrangement of Bi atoms is consistent with the Bi (1 1 0) surface.  

Although Cr2Te3 (0 0 0 1) below Bi layer is a hexagonal lattice, Bi grows in a quasi-

square lattice along [1 1 0] direction, rather than following a hexagonal lattice along [1 

1 1] direction. Both of Bi (1 1 0) and Bi (1 1 1) phase were observed on ferromagnetic 

hexagonal Fe3GeTe2 substrate and Bi (1 1 0) phase would dominate when the coverage 

of Bi layer increases22. But only Bi (1 1 0) single phase was observed on Cr2Te3 surface. 

Previous research had reported that Bi (1 1 0) thin film would transform into Bi (1 1 1) 

structure when Bi (1 1 0) is over a critical thickness: 4 monolayers (ML)23. However, 

the orientation of the Bi thin film in this work did not change from (1 1 0) into (1 1 1) 

even though the thickness of Bi thin film is over 70 nm (8 hours). Another calculation 
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and experiment revealed that the critical thickness of Bi structural transition on Si (1 1 

1) substrate is related to growth rate, and a lower growth rate yields a larger value of 

critical thickness24. The growth rate of Bi layer on Cr2Te3 surface is approximately 

equal to 0.429 ML/min. The critical thickness of Bi structural transition on Si (1 1 1) 

7×7 substrate under 0.47 ML/min growth rate is 9 ML19. However, the critical thickness 

of Bi structural transition on Cr2Te3 layer under a similar growth rate is much larger 

than on Si (1 1 1) 7×7 substrate.  

 

3.2 Electronic transport properties 

The Bi/Cr2Te3 heterostructure samples were fabricated into a Hall-bar device before 

transporting into the PPMS chamber. Figure 3a illustrates the schematic of the device 

and measurement. The external magnetic field was applied perpendicular to the sample 

surface. In this section, the experimental data was measured in the Bi/Cr2Te3 

heterostructure thin film that the growth time of Bi is 2 hours. Figure 3b shows the R-

T curve of this sample. It presents an inflection point due to the ferromagnetic-

paramagnetic transition of Cr2Te3. The transition temperature is about 170 K, which is 

close to the Curie temperature (TC) of this sample (Figure S7a). Figure 3c shows the 

Hall-bar device fabricated by the photolithography method. The magneto resistivity 

(ρxx) loop of the Bi/Cr2Te3 sample under a sweeping perpendicular magnetic field (B) 

at different temperatures was measured (Figure S8). At the temperature below TC, the 

shape of curves behaves like a butterfly, which is typical for ferromagnets with PMA25.  

Previous experiments revealed that the THE signals could emerge in Bi intercalated 

Cr2Te3 thin films16. In principle, THE signal will also be observed in the Bi/Cr2Te3 

heterostructure thin films, and the Hall resistivity measurements will assist in proving 

it. Figure 3d presents the Hall resistivity (ρxy) of the Bi/Cr2Te3 sample when sweeping 

the perpendicular magnetic field (B) back and forth from 10 K to 150 K. At the 

temperature below 130 K, the square hysteresis due to anomalous Hall effect (AHE) 

and PMA of Cr2Te3 are observed. In addition, humps and dips, that are evidence of 
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THE, appear near the coercive field. Figure S9 shows the ρxy-B curves of Cr2Te3 thin 

film sample, without Bi layer, grown under the same condition. The humps and dips 

were not observed at 40 K, 70 K, 95 K. In addition, previous research also reported that 

only AHE loop without THE signals can be observed in Cr2Te3 thin film26. Thus, the 

humps and dips in ρxy-B curves of Bi/Cr2Te3 thin film were probably related to the 

interface between Bi and Cr2Te3. The signals still exist even though the AHE sign 

becomes opposite at 130 K. At 150 K close to the TC of Cr2Te3, the AHE loop nearly 

vanishes.  

 
Figure 3. a) Schematic of Hall bar device used in PPMS measurement. b) R-T curve of 

Bi/Cr2Te3 sample. c) Optical microscope photo of the Hall bar device. d) ρxy-B curves 

of Bi/Cr2Te3 sample at different temperatures. The humps and dips, that are evidence 

of THE, appear near the coercive field below 140 K. The red (blue) curves were 

measured by decreasing (increasing) the magnetic field.  

The hump and dip in the vicinity of the coercive field could be induced by either THE 

or two-component AHE, as Figure 4a illustrates. The hump and dip signals might also 

be the superposition of AHE with two opposite signs. Some researchers observed THE-

like signals in transport results, but they turned out to be two-component AHE rather 

than genuine THE27-30. Some methods exist to distinguish them, such as temperature 



11 
 

dependence and minor loop31. If the hump and dip signals were due to the superposition 

of AHE and THE, the THE resistivity from 40 K to 95 K has been calculated and plotted 

in Figure 4b. It was calculated by 𝜌𝜌𝑇𝑇𝑇𝑇𝑇𝑇 = 𝜌𝜌𝑥𝑥𝑥𝑥 − 𝜌𝜌0𝐵𝐵 − 4𝜋𝜋𝜌𝜌𝑠𝑠𝑀𝑀 , where 𝜌𝜌𝑥𝑥𝑥𝑥  is 

measured Hall resistivity, 𝜌𝜌0  and 𝜌𝜌𝑠𝑠  are two different constants and 𝑀𝑀  is the 

magnetization. The magnetization of the sample has been measured and shown in 

Figure S7b. The following minor-loop experiment will assist to clarify that the hump 

and dip signals in the Bi/Cr2Te3 heterostructure thin film sample emerged by THE 

rather than two-component AHE. 

A minor loop method was performed on this Bi/Cr2Te3 sample at 40 K and 70 K. The 

experimental results are shown in Figure 4c and 4d. In the full loop, the external 

perpendicular magnetic field was applied to 2 T to polarize the spins in the sample 

completely. Then, the Hall resistance was measured while sweeping the magnetic field 

in the sequence of 2 T → -2 T → 2 T. In the minor loop, a 2 T magnetic field was 

applied first, and then the Hall resistance was measured while sweeping the magnetic 

field in the sequence of 2 T → Bn-max → 2 T, where Bn-max is the negative maximum 

magnetic field during measurement. In Figure 4c and 4d, the Bn-max is 0 T, -0.2 T, -0.5 

T, and -1 T, respectively. If the hump and dip were generated by two-component AHE, 

the measured loop would highly depend on the Bn-max, the value and corresponding 

magnetic field of maximum Rxy vary as Bn-max changes31, 32. However, the raw data of 

minor loop measurement shown in Figure 4c and 4d display the nearly overlapping 

minor loops and the hump and dip appear at the same positions regardless of Bn-max, as 

the dash lines indicated. It means that THE is probably the reason for emerging the 

humps and dips near the coercive field. In Figure 4c, the Rxy-B loop in which the Bn-

max is -0.5 T does not repeat the full loop, but the position where the dip appears is the 

same as the other loops, as the gray dashed line indicates. The Bn-max of -0.5 T is not 

large enough for the spins in a thin film to reverse direction completely, so a smaller 

coercive field is sufficient when sweeping the magnetic field back.   
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Figure 4. a) Illustration of two mechanisms that might generate hump and dip near the 

coercive field: two-component AHE with opposite signs or the superposition of AHE 

and THE. b) THE resistivity of Bi/Cr2Te3 sample at 40 K, 70 K, 95 K. c) Full loop (Bn-

max = -2 T) and minor loops at 40 K with magnetic field stopping at -1 T, -0.5 T, -0.2 T 

and 0 T. d) Full loop (Bn-max = -2 T) and minor loops at 70 K with magnetic field 

stopping at -1 T, -0.5 T, -0.2 T and 0 T.  

 THE signals could be affected by plenty of factors including chemical 

compositions, thickness, interface, strain and defects3. The quality of Bi/Cr2Te3 

interface and the thickness of Bi layer influence the intensity of THE in the Bi/Cr2Te3 

heterostructure thin films (details in supporting information Figure S10). THE is 

important evidence for the existence of magnetic skyrmions and the persisted 

temperature of THE signals in the Bi/Cr2Te3 heterostructure thin film was increased to 



13 
 

130 K compared with the previous 70 K in Bi-intercalated Cr2Te3 samples17. The higher 

THE temperature in Bi/Cr2Te3 heterostructure thin films allowed magnetic skyrmions 

observation by Lorentz transmission electron microscope (LTEM) at liquid nitrogen 

temperature. Therefore, LTEM was performed in the Bi/Cr2Te3 heterostructure thin film. 

Some specious bubbles were observed in the samples and the contrast was reversed in 

the under-focus and over-focus images (details in supporting information Figure S11). 

They look like the magnetic skyrmions reported in previous research7, 33. Whether the 

bubbles were magnetic skyrmions still needs more solid evidence. However, the size of 

these bubbles (dozens of nanometers) is comparable with the resolution of LTEM (6 

nm), so the reconstruction directly from LTEM images seems impossible. Other 

technology (such as spin-resolved STM and 4D STEM) with higher resolution would 

be helpful to investigate the spin texture of these bubbles and clarify the existence of 

magnetic skyrmions. 

 The magneto transport properties of thin films might be affected by the substrate34. 

Therefore, the Bi/Cr2Te3 heterostructure could be grown on different substrates in future 

to investigate the influence of substrates. Besides, the heterostructures of Bi and other 

Cr-Te compounds with PMA at room temperature (such as CrTe2
35, 36) could be prepared 

by a similar growth scheme in the following research, which might be a new approach 

to produce room-temperature magnetic skyrmions. Besides, the controllable interface 

between Bi and Cr-Te compounds makes it possible to fabricate spintronic devices for 

future applications.  

 

4. Conclusion 

Bi/Cr2Te3 heterostructure thin film samples have been prepared on GaAs (1 1 1) 

substrates with ZnSe buffered. The cross-sectional and plane-view STEM images 

displayed the island growth of the square Bi (1 1 0) layer on Cr2Te3 (0 0 0 1) surface, 

and Bi (1 1 0) structure did not transform to Bi (1 1 1) even over 70 nm. As the growth 

time of Bi increases, the Bi islands grow up and connect with islands nearby to form 

larger islands. PPMS results exhibited hump and dip signals near the coercive field in 
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Bi/Cr2Te3 heterostructure thin films below 130 K. Another possible origin of the similar 

signals, two-component AHE, has been ruled out by the minor loop experimental 

results. The higher THE temperature provided feasibility for magnetic skyrmions 

observation by LTEM or spin-polarized STM at liquid nitrogen temperature in the 

future.  
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